Purpose A study was conducted to characterize the 'Madhyam culture' (Excel Crop Care Limited.), an aerobic-composting microbial consortium culture, and understand composting dynamics, product quality and use in crop production vis-à-vis vermi-composting (using earthworms). Methods 16S rDNA analysis was used to characterize aerobic-composting culture. Aerobic-composting and vermi-composting technologies were evaluated to decompose sorghum straw and dung biomass (80:20 ratio; primed with 0.5% urea and 4% rock phosphate) to study days to maturity and composting dynamics in terms of changes in temperature and microbial population. Compost quality was tested for macro-, micro-nutrients and C:N ratio, and evaluated for food production in on-farm trials. Results 16S rDNA analysis screened sixteen bacterial isolates-eight related to genus Bacillus, three to each Halobacillus and Staphylococcus, one to each Microbacterium and Streptomyces. The population of bacteria was 4.5 cfu ml −1 at 10 −7
Introduction
Low soil organic carbon (C) levels and macro-, micro-nutrient deficiencies due to soil mismanagement and misuse are the major challenges for improving productivity in the semiarid tropics (Chander et al. 2015) . Soil organic C is one of the most important parameters governing soil health through influencing soil chemical, physical and biological properties, and thereby influencing crop yields as well (Wani et al. 2003) . Moreover, soils are largest terrestrial reservoirs of C (~ 2500 Pg C up to 2 m depth, compared to 600 Pg C in biota and 750 Pg C in atmosphere) (Batjes 1999; Lal and Kimble 1997 ) and potential C-sink to regulate climate change processes (Lal et al. 2007; Lal 2011) . So, practices that add organic matter into soil need to be promoted. In India, ~ 350 million t organic wastes are generated annually from agricultural sources (Pappu et al. 2007) , and so recycling C and nutrients contained in such wastes is potential opportunity for soil C-building and cutting costs of chemical fertilizers (Chander et al. 2013; Nagavallemma et al. 2006) .
Composting is the technology for conversion of bulky organic wastes into low volume nutrient-enriched and stable product (Yousefi et al. 2013; Kharrazi et al. 2014) . Traditional composting (farmers' practices of heaping straw and dung) is 1 3 very time consuming and relatively less effective. In such a case, using half decomposed compost/manure/plant residue creates many plant nutrient and pest-related problems, rather than benefits. Vermi-composting is one of the tested technologies to effectively recycle on-farm wastes to produce quality compost for use in crop production (Chander et al. 2013; Wani et al. 2014) . Vermi-composting hastens the decomposition process through physical breakdown of the raw biomass coupled with mixing of vast spectrum of microbes with the biomass while passing through earthworm gut. The microbes of earth worm gut are highly potential in digesting the organic materials as well as polysaccharides (Aira et al. 2007; Zhang et al. 2000) . However, continuously maintaining ambient living conditions for earthworms is a challenge in vermi-composting and a major cause for many on-farm failures. So, the other option could be to accelerate need-based decomposition of biodegradable materials through the external addition of decomposing microbial consortium culture (aerobic-composting) . This may add the convenience of undertaking composting as and when needed without worrying throughout the year about maintaining moisture and feeding material as is needed in vermi-composting. However, relative effectiveness of aerobic-composting via external microbial culture needs to be evaluated vis-à-vis vermi-composting technology, as studies indicate that vermicomposting also renders the advantage of enhancing the diversities of bacterial and fungal communities (Huang et al. 2014) . Well-tested scalable composting options are need of the day not only for agricultural wastes, but also for effective disposal of municipal and household wastes (generated to the tune of 125,000 tons per day in a country like India as per the estimates of Central Pollution Control Board (2017) to reduce pollution arising from landfills and open dumps.
Apparently high microbial activity under composting have an indirect role in improving compost nutrient quality by nitrogen fixers, nitrifiers, sulfur oxidizers (Richardson and Simpson 2011) and may also synthesize chemicals which act as plant growth hormones (Pizzeghello et al. 2001; Ghosh et al. 2003; Tomati et al. 1988) . Lack of information on standardized practices, processes and products with regard to organic composts is one major drawback in precise use of organics. Therefore, a study was planned to characterize microbial consortia culture (for aerobic-composting) and evaluate its efficacy vis-à-vis vermi-composting in recycling on-farm wastes while understanding microbial dynamics of decomposition process and compost quality and evaluation in field application.
Methodology

Characterization of microbial consortium (Madhyam) culture
'Madhyam' is a culture of micro-organisms developed for accelerated aerobic-composting of organic waste by Excel Crop Care Limited.
Enumeration of microorganisms in microbial consortium (Madhyam) culture
Ten grams of 'Madhyam' sample was homogenized with 90 ml of sterile 0.85% NaCl solution in water and incubated for 1 h at 120 rpm. Then, the samples were serially diluted (up to 10 −8 ) and plated on several medium such as nutrient agar for bacteria (10 −4 to 10 −7 dilutions), Bennett's agar for actinobacteria (10 −3 to 10 −6 dilutions) and potato dextrose agar for fungi (10 −2 to 10 −5 dilutions). The plates were incubated at 28 °C for 2-7 days. The colonies that appeared at the end of incubation were enumerated as colony forming units (CFU) per gram of sample on dry weight basis. Characteristics of the colony were noted and representative single colonies were further cultured and purified using respective medium. The single colonies were stored at 4 °C for subsequent analysis.
Cellulose degradation capability of microbial consortium (Madhyam) culture
Cellulase degrades cellulose in the plant cell wall and cellulase production by bacteria was determined by cellulose congo red agar medium. The test microbes were inoculated on above medium and incubated for 4 days at 28 ± 2 °C. Halo zone around the microbial colonies indicates cellulase production and the observations were documented on a 0-4 rating scale as, 0 = no change; 1 = positive; 2 = halo zone of 1-3 mm; 3 = halo zone of 4-6 mm and 4 = halo zone of 7 mm and above (Hendricks et al. 1995; Gopalakrishnan et al. 2015) .
Molecular identification of microbial consortium (Madhyam) culture
The potential cellulose-degrading bacteria identified previously were grown until log phase is reached. The genomic DNA was isolated as per Bazzicalupo and Fani (1995) . The 16S rDNA gene was amplified through universal bacterial primer 907R (5′-CCG TCA ATTCMTTT RAG TTT-3′) and 785F (5′-GGA TTA GAT ACC CTG GTA -3′) according to the conditions of Pandey et al. (2005) . Resulting PCR products were sequenced at Macrogen Inc. (Seoul, Korea) . The sequences obtained were compared with those from the GenBank using BLAST program (Altschul et al. 1990 ) and aligned through Clustal W software (Thompson et al. 1997) . The phylogenetic trees were constructed using neighbor-joining method according to Saitou and Nei (1987) .
Evaluation of composting methods
Vermi-and aerobic-composting methods were evaluated for their efficacy in decomposing on-farm wastes in open field conditions at ICRISAT during 2014. The raw biomass was decomposed under the shade by spreading on cement floor base and maintaining moisture through watering the alternate days. Thus, there were 2 treatments: (1) vermicomposting, and (2) aerobic-composting. Under each of the composting method, the raw biomass used was sorghum straw and cow dung (in the ratio 80-20). Sorghum straw was chopped with the help of tractor-run chopper. Urea (0.5%) priming of sorghum biomass was done before 1 week to lower C:N (Carbon:Nitrogen) ratio. In addition, rock phosphate @ 4 kg per 100 kg biomass was also added at start of the experiment. In case of vermi-composting, Eudrilus eugeniei and Eisenia fetida species of earth worms were used for decomposition of biomass, while in case of aerobic-composting; microbial culture (Madhyam, Excel Crop Care Ltd) @ 1 kg per ton was used.
Raw biomass (~ 1 ton) was filled in layers of sorghum (0.30 m) and cowdung slurry. Vermi-composting was started on a harvested bed of ~ 0.15 m having earthworm culture. In aerobic-composting, microbial culture was spread between the layers and a heap of ~ 0.75 m was prepared on day-1 itself. However, in case of vermi-composting, heap was filled up to 0.75 m height in stages at weekly intervals at days 1, 7 and 14. Intense microbial activity in aerobic-composting leading to high temperatures is required to be regulated through enhanced aeration by regular biomass turnings; so, turnings were done at 10 days interval up to 50 days to maintain the aerobic conditions.
Both composting methods were evaluated for earliness to maturity as judged from color, texture and stabilization of temperature. Other parameters evaluated were microbial dynamics, changes in temperature and chemical analysis of composts (see sections ahead). Bio-washes from vermi-and aerobic-compost were also collected during 30-45 days in plastic containers through outlets for cement floor base at lower end of slope and stored at 4 °C. Biowashes were also analyzed for nutrient contents and plant growth hormones as described in subsequent sections.
Microbial dynamics during composting
To study microbial dynamics during composting, the samples of vermi-and aerobic-compost were collected at 1, 20 and 55 days of the study in polythene bags and stored at 4 °C. During sampling a treatment at any time, three composite samples of about 100 g each were collected at 0.15-0.20 m depth along length of the heap and thoroughly mixed together for microbial analysis.
For microbial isolation, nutrient agar was used for bacteria, potato dextrose agar for fungi and actinomycetes isolation agar for actinomycetes. All the media were prepared as per standard procedure and sterilized in an autoclave at 121 °C and 15 lb pressure for 20 min. After sterilization, media was dispersed into Petri plates under a sterile atmosphere in laminar air flow and after solidification, these plates were used for the isolation of microorganisms. For enumerating microbial population, dilution plate technique was followed (Ariffin et al. 2008) . One gram of compost sample was added to 9 ml of sterile distilled water in a test tube to get 10 −1 dilution which was serially diluted. Spread plate technique was followed for isolation of microorganisms through spreading 0.1 ml of the desired dilution to the surface of solid agar medium. To check dehydration of medium, the agar plates were wrapped with parafilm, and kept in incubator at 28 + 2 °C. The period of incubation varied for different microorganisms: 24-48 h for bacteria, 72 h for fungi and 72-96 h in case of actinomycetes. The colonies grown in each plate were enumerated with the help of a colony counter as CFU. The total CFU were worked out by taking into account the dilution factor.
Changes in temperature during composting
Daily mean temperature was recorded in both composting types at two depths (0.15 and 0.30 m) using automatic sensors.
Chemical analysis of compost
For estimation of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) in compost, 0.5 g of samples was digested using 3.5 ml sulfuric acid-selenium mixture (Sahrawat et al. 2002a) . N and P in the digests were estimated with the help of auto-analyzer, and K, Ca and Mg with help of atomic absorption spectrophotometer (AAS). For micronutrients, zinc (Zn), copper (Cu), iron (Fe) and manganese (Mn), 0.2 g compost samples was digested with 2 ml tri-acid and contents in the digests were estimated using AAS (Sahrawat et al. 2002b ). S and B in samples were estimated through digesting 0.2 g samples with 2 ml nitric acid plus 0.5 ml hydrogen peroxide and determining the contents in the digest through Inductive Coupled Plasma Atomic Emission Spectrophotometer (ICP-AES) (Mills and Jones Jr 1996) . The pH was measured in 1:2 water suspension (20 g sample and 40 ml water) using glass electrode and total C by Skalar TN/TC analyzer through using 1 g sample (Primacs SNC 100 series). Similar process was followed for macro, micro nutrient chemical analysis in bio-wash samples.
Plant growth hormones analysis in compost bio-washes
Plant growth hormones in compost bio-washes were extracted using standard method by Miezah et al. (2008) . A 100 ml of compost washing was taken in 500 ml extraction bottle and then added 200 ml of methanol. This mixture was kept in the shaker for 24 h. The supernatant was then centrifuged for 10 min at 5000 rpm and organic part was stored in freezer. Again, 200 ml methanol was added in aqueous phase and same process followed 4 times to get 800 ml of methanol extract. Then with help of by rotary vacuum evaporator, the methanol extract was concentrated to 2 ml. It was then passed through anhydrous sodium sulfate to make it moisture free and kept in freezer before analysis.
Thin layer chromatography (TLC) technique was used for hormone identification viz. auxins, gibberellins and cytokinins. Each bio-wash extract along with its standards were spotted onto chromatographic plates of 20 cm × 20 cm which were coated with silica gel (60F254) of thickness 0.25 mm. After 4 h of each run, the TLC plates were air dried and then sprayed with coloring reagent, i.e., H 2 SO 4 . Once the plates were oven dried, R f value (distance traveled by compound/distance traveled by solvent) of each spot was calculated.
The plant growth hormone standards were used for validating method for auxins (1 ppm), gibberellins (1 ppm) and cytokinins (2 ppm). For isolation of auxins and gibberellins under TLC, iso-propyl alcohol: ammonium hydroxide: water (90:10:10) was used on volume basis, whereas, in case of cytokinins, butyl alcohol: acetic acid: water (80:10:10) was used (Miezah et al. 2008 ).
On-farm evaluation of composts
The composts prepared following this methodology were evaluated in on-farm studies in India-vermi-compost in Sagar district during 2011-2012 post-rainy season (6 trials with chickpea, 9 trials with wheat) and aerobic-compost in Kadapa district during 2016 rainy season (40 trials with paddy crop). The treatments evaluated were, (1) Balanced nutrition (BN) comprising of soil test-based addition of N, P and K along with deficient micro-and secondary nutrients (i.e. S, Zn and B), and (2) Integrated nutrient management (INM) i.e. 75% of BN inputs + compost. The vermi-or aerobic-compost was added on the basis to replace 25% of N requirement in case of non-legumes and 25% of P requirement in legumes. The on-farm treatment size was 2000 m 2 side by side. All other crop management practices were similar in both the treatments. Composts and all required nutrients except N in non-legumes were added as basal application. In case of N in non-legumes, 50% was added as basal and 25% after 1 month and rest 25% after 2 months. Crop yields were estimated from 3 m × 3 m = 9 m 2 plots, and calculated into kg ha −1 .
Results and discussion
Enumeration of microorganisms in microbial consortium (Madhyam) culture
A total of 21 bacterial isolates including one actinomycete were isolated from nutrient agar plates and Bennett's agar plates based on the colony morphology, color and shape. Fungal colonies were not found on the PDA plates while single actinomycete was found on the Bennett's agar. The bacterial population was found to be 4.5 cfu ml −1 at 10 −7 dilution.
Cellulose degradation capability of bacteria isolated from microbial consortium (Madhyam) culture
Of the 21 isolates studied for cellulose degradation, a total of 16 isolates produced the cellulase enzyme. A clear halo zone was found around the colonies in the congo red agar plates. Of the 21 bacteria studied, two (MP-2 and MP-20) were found to produce maximum cellulase (Table 1) .
Molecular identification of microbial consortium (Madhyam) culture
The 16 cellulase-producing bacteria were identified through 16S rDNA sequencing. A neighbor-joining dendrogram was generated with the partial sequences of 16 cellulase producing bacteria (1400 bp) and representative sequences from the databases. Phylogenetic analysis of the 16 isolates matched with Streptomyces (1), Microbacterium (1), Halobacillus (3), Staphylococcus (3), and Bacillus (8 isolates) ( Fig. 1 ; Table 2 ). Bacillus and Halobacillus are reported to have various traits including N-fixation, P-solubilization, plant growth promotion, biological control and biofortification (Singh et al. 2008; Richardson and Simpson 2011; Sharma et al. 2013; Gopalakrishnan et al. 2015 Gopalakrishnan et al. , 2016 . Streptomyces sp. are efficient in degrading cellulose and promote crop growth (El-Tarabily 2008; Gopalakrishnan et al. 2011 Gopalakrishnan et al. , 2014 Gopalakrishnan et al. , 2015 Gopalakrishnan et al. , 2016 . All the 16 isolates were able to grow at neutral pH (6.8-7.5) and mesophilic (28-35 °C) temperature (data not shown).
Evaluation of composting methods
Results revealed that aerobic-composting, like vermi-composting, is an effective technology to recycle on-farm wastes into valuable composts in a reasonably short time. Aerobiccompost was ready by around 50th day and vermi-compost by around 60th day. Breakdown of biomass while passing through earthworm gut and mixing of several microbes in coelomic fluid apparently accounted for fast decomposition in vermi-composting. While, high microbial population through added culture and regular turnings at 10-day interval apparently led to fast decomposition in aerobic-composting.
Microbial dynamics during composting
Results revealed that bacteria were the predominant microorganisms found throughout the study followed by actinomycetes and the fungi the least. In general, bacteria occupied 68-92% of the microbial population followed by actinomycetes by 8-32% and fungi the negligible counts (Table 3) .
As regards bacterial population, throughout the study, a higher population (21.1-65.3 × 10 10 CFU/g) was observed under aerobic-composting compared with vermi-composting (19.7-61.6 × 10 10 CFU/g). The highest population in aerobic-composting was apparently due to external addition of microbial consortium culture dominated by bacterial isolates (see Table 1 ). In vermi-composting also, there is evidence that different microbes in coelomic fluid get mixed with the biomass while passing through their body and apparently accounts for reasonably higher bacterial number. With passage of time, the bacterial count declined which may be expected due to decomposition of preferable food components of bacteria and also pasteurization as result of high temperatures (Vivas et al. 2009 ). Bacillus spp. was predominant in both the compost types.
Fungi comprised very little component of microbial population (5-9 × 10 3 CFU/g on day 1, 5-10 × 10 3 CFU/g on day 20 and 4-4 × 10 3 CFU/g on day 55) ( Table 3 ). Similar to bacterial count, the fungi population also decreased over the period of time. However, contrary to bacterial population trends, relatively less number of fungal colonies was observed under aerobic-composting apparently due to competition with corresponding higher bacterial population.
Similar to fungi, relatively higher population (71-237 × 10 9 CFU/g) of actinomycete was observed under vermi-composting compared with aerobic-composting (56-75 × 10 9 CFU/g) ( Table 3) . Mixing of earthworm coelomic fluid with the biomass could be the reason for consistently higher actinomycete population observed during vermi-composting. Further, lower temperature during the vermi-composting also supports the growth of actinomycetes.
Changes in temperature during composting
At 0.15 m depth, up to 30 days, the relatively higher daily mean temperature was recorded under aerobic-composting (38-67 °C) as compared with the vermi-compost (29-48 °C). Under aerobic-composting, it was relatively quite high during the initial 15 days apparently because of high microbial activity, thus indicating rapid decomposition. The temperature reached up to 67 °C by the 9th day (Fig. 2) ; the turnings at 10th day, however, regulated it to escalate beyond limit which could otherwise negatively affect microbial population and composting process as such and decreased it to 52 °C. By contrast to aerobic-composting, the temperature in vermi-composting remained below 40 °C during 1st week, which may be due to the fact that vermi-composting heap was filled in layers at 0, 7, 14 days. After 1 week, temperature increased and maintained between 40 and 48 °C almost up to 1 month. Between 30 and 60 days (till maturity), the At 0.30 m depth, the trends observed as such were similar to that at 0.15 m depth; however, slightly higher temperature was recorded at 0.30 m depth (Fig. 3) . Up to 1 month, a higher temperature was observed under aerobic-composting which varied between 44 and 67 °C compared to vermi-composting between 32 and 51 °C. Similar to depth at 0.15 m, the corresponding temperature at 0.30 m depth beyond 30 days was almost at par in both the composting processes.
Chemical analysis of compost
Results showed aerobic-compost in general having relatively higher nutrient contents w.r.t N, P, K, Ca, S and Zn (Table 4) . High nutrient contents in aerobic-compost may be due to better decomposition as a result of higher microbial activity observed in this study. However, vermicompost was found to contain higher contents of Mg, Cu, Fe, Mn and B. Total C was found to be 160 mg g −1 in aerobic-compost and 130 mg g −1 in vermi-compost with C:N ratio of 10.3 and 11.7, respectively. The pH was almost same at 6.75 in aerobic-compost and 6.73 in vermi-compost. Reasonably higher nutrient contents in the compost types were probably due to better decomposition (Shah et al. 2015) , and enrichment with rock phosphate and urea.
The bio-washes of vermi-compost and aerobic-compost were almost at par in nutritional quality (Table 5 ). Relatively higher N content in biowash collected from aerobiccompost is apparently due to better decomposition due to higher microbial activity through added culture. Thus, these washings may serve as good nutrient source for foliar application to manage nutrient deficiencies in any standing crop. In standardizing hormones identification method using 25% sulphuric acid spray, a light pink color spot (0.75 R f value) was observed for auxins, greenish yellow for gibberellins (R f = 0.59) and light brown for cytokinins (R f = 0.82). However, as regards the plant growth hormones in biowashes, only auxin was detected in vermi-wash, while none of other hormones were detected in any of the bio-washes.
On-farm evaluation of composts
The on-farm evaluation of vermi-compost in wheat and chickpea crops, and aerobic-compost in paddy crop showed that with use of composts, the crop yields are not only maintained or increased over the balanced nutrient management solely through chemical fertilizers (Fig. 4) (Chander et al. 2013; Mengistu et al. 2017) .
Thus, aerobic-composting is a sound scalable technology as is vermi-composting for recycling on-farm wastes and suitability of any one is more dependent on farm situations. While continuously feeding the biomass and maintaining moisture is required in vermi-composting to maintain earthworms, which is not the case in aerobic-composting, but may involve recurring cost on the microbial culture and labor for turning the biomass to maintain aerobic conditions.
Conclusions
Aerobic-and vermi-composting proved effective technologies to recycle on-farm wastes into valuable manure. Aerobic-compost matured in around 50 days and vermi-compost in around 60 days. Thus, aerobic-composting may be a good option to handle large quantities of on-farm wastes as and when required without having to constantly maintain ambient living conditions as required for earthworms in vermicomposting. But, it needs more labor or energy for minimum four turnings required during the composting process. Both aerobic-and vermi-composting supported a diverse microbial population of bacteria, fungi and actinomycetes. Growth hormone auxin was detected in vermi-compost bio-wash. Also, both the composts produced had a good nutrient value and high stability. Thus, as per farmers' requirements, both aerobic-and vermi-composting methods have a potential to be used as effective technologies to recycle the plant nutrients in on-farm wastes and help reduce the load of inorganic fertilizers. Its scaling-up will boost the economy and help in maintaining the sustainability of ecosystem.
